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Abstract 


In recent times, inkjet printing technology has garnered considerable attention among professionals and researchers 
across various fields, including material engineering, biology, chemistry, electronics, and medicine. With its 
capacity to print diverse materials with remarkable precision and speed, this technology has found significant 
utility in the additive manufacturing process. The primary objective is to replace conventional coating methods 
such as lithography while adhering to established standards and maintaining the quality of previous techniques. 
Achieving this goal necessitates establishing a seamless synergy between the chosen mechanical structure and 
materials. 

A significant challenge in 3D printing lies in fabricating intricate geometries, addressed by employing support 
structures that are removed once the printing is completed. These supports can be printed using dissolvable 
materials. The structural complexity is exacerbated by the process of constructing layers using separate print heads, 
triggering the expulsion of ink from the nozzle. The formation of distinct droplets is contingent upon the viscosity 
of the ink and its adherence to specific parameters. Successful printing of various materials relies on achieving 
optimal viscosity and resistance characteristics of the ink. 

The paper also demonstrates the utilization of heater and ultrasonic technologies to expand the range of printable 
materials. This versatile technology accommodates a broad array of materials, including nanoparticles, cells, 
polymers, and pigments that can be either dissolved or dispersed within a fluidic medium. Furthermore, 
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incorporating conductive ink into this technology opens up potential applications in the field of printable 
electronics. In three parts we demonstrate the conductivity of ABS polymer, next we study the printability of ink 
and finally we simulate the deposited layer to find out the conductivity of it. We found out that ABS is conductive 
and our ink is printable and the deposited layer is conductive as well. 


Keywords: 3D printing, dissolvable materials, printable electronics, nozzle 


1. Introduction 


3D printing is considered an additive manufacturing (AM) technique for fabricating a large scope of devices and 
instruments. Since the development of this technology by Charles Hull, several manufacturing methods such as 
powder bed fusion, fused deposition modeling (FDM), inkjet printing, and contour crafting (CC) have been 
deployed subsequently [1],[2]. 

3D printing can revolutionize different industries by facilitating cost-effective customization, complex geometries, 
and sustainable manufacturing processes. It suggests cost-effective and labor-free manufacturing, the use of 
recycled materials, and the possibility of an on-site manufacturing process [3]. This technology has the potential 
to minimize waste, serve as an affordable prototyping technique, and can be used to meet the specific demands of 
customers, such as the fabrication of medical implants based on CT-imaged tissue replicas. 

Various methods of additive manufacturing have been developed to cater to the diverse requirements of different 
industries. These methods are fused deposition modeling (FDM), selective laser sintering (SLS), selective laser 
melting (SLM), inkjet printing, contour crafting, stereolithography (SLA), powder bed fusion, direct energy 
deposition (DED) and laminated object manufacturing (LOM) [1]. This paper presents an inkjet printing method 
for producing tools and devices such as electrodes. This method is well suited for printing complex structures; 
nevertheless, the printed object requires post-processing heat treatment. 

Generally, implementing temperature sintering in inkjet printing enhances the mechanical performance of printed 
objects. Ultraviolet (UV) curing is another way of treating printed material with solidifying materials on demand. 
UV curing can be used in 3D printing pharmaceutical tablets to build scaffolds and complex (torus) tablet 
geometries with extended-release profiles at ambient temperature [3]. 

There are two main modes of inkjet printers: Drop on demand (DoD) mode and continuous mode (Figure 1). In 
DoD, single drops of ink are released onto a wide range of substrates in response to digital signal or waveform. 
This method offers high placement accuracy, controllability, and efficient material usage [4]. The 3D printing 
device in this work is based on DoD and it is operated with a Computer Numerical Control (CNC) machine along 
the 3-axis (x,y,z) with 0.05 mm precision. In continuous mode, continuous steam of ink is produced and drops 
break up from the print head nozzle by applying harmonic modulation. When compared to continuous inkjet 
technology, the DoD method not only consumes less ink but also provides superior placement accuracy. Also, the 
DoD method enables the printing of both aqueous and UV-curable inks. It uses low temperatures, making it ideal 
for printing water-based inks and expanding its application in inkjet-printed electronics. Ease of fabrication is an 
important factor in the design and implementation of electronic devices based on metal oxide semiconductors [5- 
10]. Inkjet printing technology can assist the fabrication process of electronic sensors, solar cells, transistors, and 
other electronic devices based on metal, metal oxide semiconductors, and nanostructures by enhancing material 
deposition based on printable inks. These inks could be used as contact electrodes or active layers on the device 
[11-16]. 

Different inkjet printing methods can be classified according to the type of inkjet printing technology employed. 
It is understood according to Figure 2 that there is an emphasis on piezoelectric inkjet technology. This mechanism 
utilizes a piezo-driven inkjet printhead, which is activated by applying a voltage waveform to a piezoelectric 
membrane, ensuring the precise formation of the desired droplet and a consistently stable jet. Challenges are 
hindering the utilization of piezoelectric inkjet printing technology such as nozzle clogging, noaxisymmetric 
effects, jet stability, printing speed, printing quality, and viscosity control [17],[19]. 

A wide range of materials can be utilized for the additive manufacturing technique. These materials include 
polymers, metals, and ceramics. The main methods for metal 3D printing are selective laser sintering (SLS), 
selective laser melting (SLM), and directed energy deposition (DED). Polymers like acrylonitrile-butadiene- 
styrene (ABS), polyamide (PA), polycarbonate (PC), and polylactic acid (PLA) are widely used in 3D printing. 
They are mainly used for fast prototyping, but recent developments have introduced the reinforcement of polymers 
with fibers and nano-materials to enhance their mechanical properties. Limited materials can be an issue in ceramic 
3D printing. It is worth mentioning the possibility of utilizing 3D printing in large-scale structures through concrete 
3D printing [3]. 

Nanomaterials such as nano SiO2, carbon nanotubes, and quantum dot nanoparticles can be used in different 3D 
printing techniques to improve the mechanical properties, reinforcement effect, and optical properties of the 
printed parts [17]. Materials such as silver nanoparticles (AgNP), single-wall carbon nanotubes (SWCNTs), and 
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graphene are examples of materials that due to their respective properties such as high conductivity, being ability 
to print onto flexible substrates and the ability to be printed on thin layers are employed as conductive materials 
in printable electronics [4]. Some electronic-based applications of 3D printing are as follows: prototyping and 
product development, customized electronics (e.g., patient-specific devices and implants), embedded electronics, 
microelectronics and microfluidics, conductive and functional materials, and educational applications [3]. 
Innovative approaches to fabricating electronic devices can be explored by harnessing the advantages of inkjet 
printing, which include efficiency, design flexibility, post-processing options, a wide range of materials, and high 
resolution. 

An example of fabricating multi-electrode arrays (MEAs) with inkjet printing for the study of cellular phenomena 
in vitro has been studied in [20]. This paper used PEDOT-PSS (poly(3,4-ethylenedioxythiophene): polystyrene 
sulfate) as the sole conductive material in the pMEAs. It is inkjet-printed onto the PI substrate to create conductive 
tracks, contact pads, and electrodes. This material showed low impedance, biocompatibility, and flexibility. 
Finally, the method used in this paper implementing inkjet printing offers a cost-effective, easy-to-pattern, flexible, 
customized, and high-resolution method for fabricating electrodes. 

Support materials are as important as 3D printing materials in the total outcome of the system. The choice of 
support material depends on factors such as the printing technology, the material being printed, and the desired 
level of support and ease of removal. Some common support materials used in 3D printing include Water-soluble 
support materials, breakaway support materials, support materials with similar properties, and dissolvable support 
materials [4],[18]. 

In this work, an innovative 3D printer design is introduced, combining the principle of a 3-axis CNC machine 
with the functionality of an inkjet printer. This design incorporates two nozzles, one for dispensing ink and the 
other for dispensing support material (see Figure 3). 
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Figure 1: In DoD mode, the droplets are induced by a piezoelectric actuator (a), and in continuous inkjet 
printers, a continuous electro-conductive steam of fluid is delivered through a nozzle because of piezoelectric 
actuator vibrations, regulating the breakup of the stream into individual uniform droplets with uniform spacing 


(b) [3]. 
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Figure 2: Classifications of Printing Technologies [21]. 
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Figure 1: Schematic of Employing Two Nozzles in 3D Printers [21]. 
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To assess the printing capability of the ink, it is crucial that the ink consistently emerges from the nozzle in a fixed 
shape at all times. Any variation in the amount of ink expelled from the nozzle leads to an uneven diameter of the 
cover layer on the substrate, causing the printing operation to malfunction. The simulation of this aspect was 
carried out using COMSOL Multiphysics, as detailed below. Furthermore, if the quantity of ink dispensed from 
the nozzle varies, the final printed part may exhibit porosity. To determine whether the pressure exerted by the ink 
during the initial and final stages of ejection from the nozzle could potentially harm the system, pressure 
measurements were taken. These measurements were crucial for making decisions regarding the system's integrity. 


2. Methods 


The device, capable of movement along three axes (X, Y, Z), utilizes ball screws to convert the stepper motor's 
rotational motion into linear motion. The stepper motor's precise movement accuracy of 1.8 degrees per pulse 
allows for direct coupling with the ball screws, which have a pitch of 5 mm and an external diameter of 16 mm. 
Each pulse sent to the motor results in a displacement of 0.025 mm along each axis. To maintain linear movement, 
the device incorporates artificial rails and wagons as linear guides. 

Manufactured and assembled with CNC machines and precision instruments, the device features a fixed table 
where the X, Y, and Z axes are positioned. 

Regarding the printing mechanism, the machine's print head is equipped with two nozzles: one for injecting the 
main material and the other for delivering the support material. With a nozzle diameter of 25 micrometers, the 
main material consists of quantum dot nanoparticles of copper, carbon, or other substances dispersed in a solution 
of PVA and ethanol. On the other hand, the support material, PVA (Poly Vinyl Alcohol), dissolves in two solvents: 
methanol and water. 

Beneath the substrate lies a heated bed that allows for the evaporation of methanol in the main material. The heat 
bed can be heated up to 80 °C. After the coating process, a UV lamp solidifies the quantum dot materials. After 
printing, the part undergoes a water-washing process to dissolve the support material and PVA within the main 
component. 


Figure 4: A schematic view of the developed device 


3. Discussion 


In this study general specifications of the nozzle are as follows: 
Considering that the accuracy of the system's movement is 0.25mm, a nozzle has been designed to be compatible 
with the device's conditions. The nozzle inlet diameter is 5mm and the nozzle outlet diameter is 0.25mm. 
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Figure 5: Structure of Nozzle with Outlet and Inlet 


It was attempted to simulate the behavior of the ink in the nozzle using the COMSOL Multiphysics software and 
measured the mass of the output droplet based on the defined values. 

It should be noted that the Developed Velocity Profile (Eq.1) was related to the flow velocity variation along a 
nozzle or pipe. This relationship was derived based on Bernoulli's principle and the law of mass conservation. The 
Developed Velocity Profile equation as shown in equation | was used to calculate the velocity at any point in the 
nozzle or pipe. The Developed Velocity Profile in this simulation was as follows: 


r+5mm r+5mm m 
( ) ms 


i =A mm \ 0.25 mm. 


In this analysis, our goal was to reach the maximum output velocity within 2 microseconds, maintain a constant 
velocity for 10 microseconds, and then reduce the output velocity to zero within 2 microseconds. 

In other words, the velocity was increased from zero to 2 microseconds. It was remained constant from 2 to 12 
microseconds and then reached zero from 12 to 14 microseconds. Since the fluid exited the nozzle in the form of 
droplets, a step function was used. 

The Smooth Step function as shown in equation 2 is a mathematical function used to transition a value between 
two specified values. This function creates a smooth and continuous transition from an initial value to a final value 
through a combination of linear and nonlinear functions. The Smooth Step function was commonly used in 
computer graphics and simulations. It had two input parameters: an input value (between 0 and 1) and two specified 
values (usually 0 and 1). 


Equation2: v(r,t) = (step(t — 1 . 1076) — step(t — 13 . 1076)). v(r) 


v (m/msec) 


t (msec) 


Figure 6: Smooth Step Function Used to Transition a Value Between Two Specified Values. 
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The goal of this simulation was to get the mass of droplet ink. To perform this simulation, the values of the 
dynamic velocity and density of the inks were needed and used for printing. These values are specified in the 
table 1. 


Table 1: Density of Inks Over Dynamic Velocity 


Matters Density of Matters 
ABS plastic 1.04 
Acetone 0.784 
Graphite nanoparticles 2.26 
Density of ink 0.94 


Materials combined in specific percentages as shown in table 2. Since acetone is a solvent for ABS, the dissolution 
of ABS in acetone resulted in the formation of a suspension consisting of graphite, acetone, and ABS particles. To 
maintain the dispersion of graphite particles and achieve homogeneous ink, it was necessary to install an ultrasonic 
shaker in both the ink reservoir and the nozzle outlet. 


Finally, the mass of the output droplet was measured by integrating the product of density and droplet volume as 
shown in Figure 8. 


Table 2: Percentage composition of ingredients 


Matters Percentage of Matters 
ABS plastic 11.86% 
Acetone 79.37 % 
Graphite Powder 8.77 % 


The objective of this experiment is to develop a conductive ink suitable for use in a 3D printing device, requiring 
printability and compatibility with a nozzle. In this investigation, ABS serves as a binder for graphite particles, 
forming a liquid polymer glue when dissolved in a solvent like acetone. However, the initial ABS-acetone solution 
lacks conductivity. Table 2 demonstrates that by incorporating 8.77% graphite, a conductive solution with a 
resistance of 108 ohms can be achieved. The subsequent focus is on evaluating the printability of the ink. Using 
COMSOL Multiphysics, various parameters are assessed to ensure the ink is nozzle-friendly and suitable for 
printing. 

To emulate real conditions accurately, an ultrasonic shaker is employed, counteracting the assumption of 
homogeneity in COMSOL Multiphysics. Without the use of the ultrasonic shaker, graphite particles tend to settle 
over time, creating a disparity between simulated and actual ink conditions. Acetone, employed solely for 
suspension purposes, necessitates removal after lithography on the substrate. To address this, a heater beneath the 
substrate, capable of reaching 80 °C, ensures the evaporation of acetone. Since the liquefaction temperature of 
ABS is 240 °C, this heat doesn't compromise the substrate layer, facilitating the swift removal of acetone from the 
materials. 
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Figure 7: The mass of the droplet ejected from the nozzle as a function of time 


In Figure 7, the weight of the output droplet is specified. The vertical axis represents the weight of the droplet in 
Kg E-11, and the horizontal axis represents the elapsed time. Based on the obtained results, it can be concluded 
that the weight of the output droplet becomes constant after 50 E-6 seconds. The weight of the output droplet was 
calculated using the definition of material density used in the COMSOL Multiphysics software. The materials used 
and their densities can be seen in Table 1. From the information in Figure 7, it was inferred that during the printing 
process, it was uniform spraying, and expected a uniform printed product as well. 


Due to acetone being a solvent for ABS, ABS is dissolved in acetone, resulting in a suspension of graphite particles, 
acetone, and ABS at the end. To ensure that graphite particles remain dispersed and a homogeneous ink exists, an 
ultrasonic shaker is needed to install in the ink reservoir and at the nozzle outlet. 


In Figure 8, It can be observed the ink pressure profiles, with the horizontal and vertical axes representing the 
cross-sectional surface in millimeters. In Figure 8a, the ink pressure at time 2E-4 is visible, which corresponds to 
the moment the ink exits the nozzle. The pressure values in pascals (Pa) are displayed in the color-coded column 
next to the graph. In Figure 8b, the pressure value at T=0 is shown, which is also 0. Based on the obtained 
results, the maximum pressure that the nozzle can withstand is 2.91E-4 Pa. 


In Figure 8, the size of the droplet velocity is visible. The vertical and horizontal axes of the graph represent the 
cross-sectional surface of the nozzle in millimeters. By referring to the legend of the graph, located on the right 
side of each figure, you can observe the magnitude of the velocity. In Figure 8c, the magnitude of the droplet 
velocity at the moment of exiting the nozzle is displayed, with a maximum size of 6E-3 m/s. In Figure 8d, the 
magnitude of the velocity at the starting time T=0 is visible, and according to the graph, its value is 0. 
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Figure 8: Ink Pressure Profile, (a) the moment ink exits the nozzle at 2E-4 is visible, and (b) the maximum 
pressure nozzle can withstand is 2.91E- Velocity Graph- (c)- the magnitude of the droplet velocity at the moment 
of exiting the nozzle is 6E-3 m/s and (d) the magnitude of the velocity at T=0 is visible, its value is 0. 


4. Conclusion 


In conclusion, our study demonstrates inkjet printing technology’s newfound potential in versatile applications 
spanning from material engineering to medical fields. While tackling challenges related to 3D geometries and 
material properties, we have examined in depth the significant role of support structures, ink viscosity, and 
advanced technologies such as heaters and ultrasonic systems. 

Our research focused on optimizing the structural complexity through a specifically designed nozzle adapted to 
our system’s movement accuracy of 0.25mm. The simulation of the ink behavior inside this nozzle, performed 
with the COMSOL Multiphysics software, sheds light on the inherent intricacies of the ink’s density, dynamic 
velocity, and droplet formation. 

In particular, we discussed the application of the Developed Velocity Profile equation and the Smooth Step 
function to attempt to control the ink flow rate to achieve our targeted timing parameters. The research further 
compounds the role of specific material properties like the density and dynamic velocity of ABS plastic, acetone, 
and graphite nanoparticles in ensuring the best output from our designed system. 

Our innovative approach introduces a mixture of ABS plastic, acetone, and graphite nanoparticles, combining 
them under carefully proportioned quantities to ensure a homogeneous ink. The study emphasizes the introduction 
of an ultrasonic within the ink reservoir and at the nozzle outlet, a step pivotal to maintaining a steady dispersion 
of graphite particles. 

We illustrate the conductivity of ABS polymer in three stages, followed by an examination of ink printability. 
Finally, we simulate the deposited layer to determine its conductivity. Our findings reveal that ABS exhibits 
conductivity, our ink is successfully printable, and the deposited layer also demonstrates conductivity. 

The pioneering methodology highlighted in this study could provide an impetus for multitudes of applications: 
additive manufacturing processes, and a more comprehensive range of printable materials, to name a few future 
directions. The effort to replace conventional coating methodologies with superior printing techniques 
revolutionizes many sectors and sets a new benchmark for printing technology. 
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